This paper prepares polyethylene/silica nanocomposites with concentrations of 3 wt% and 5 wt% by using silicon dioxide (SiO 2 ) nanopowder (nanosilica) with particle sizes of 15 and 50 nm. Samples whose elongations are 3%, 6%, and 10% are prepared. Pulsed electroacoustic technique is applied to evaluate the space charge distribution in samples. Test results show that homocharge near electrodes is generated in the polyethylene/silica nanocomposites. Nanocomposites with a nanoparticle concentration of 3 wt% and particle size of 15 nm suppress the accumulation of space charge effectively. The amount of space charge in the samples increases with the increase in elongation. At an elongation of 10%, packet-like space charge is generated in polyethylene/silica nanocomposites with the concentration of 5 wt% and particle sizes of 15 and 50 nm. The packet-like space charge in nanocomposites whose particle size is 50 nm is more obvious than that in nanocomposites whose particle size is 15 nm. The experiment results are explained by applying interface characteristics, dipole model, and induced dipole model.
Introduction
The accumulation of space charge in polymer insulation makes a change of electric field. The electric field near the inner and outer semiconductive shielding layers becomes seriously distorted when a DC electric field on XLPE cables is applied because of the accumulation of space charge; this condition may cause accelerated aging [1, 2] . Mechanical and electrical properties can be effectively improved through the use of nanomodified materials. The present study shows that the amount of space charge traps and the depths in polymer insulation can be reduced by adding nanoparticles, which may effectively minimize the accumulation of space charge and uniform electric field in polymer insulation [3] [4] [5] [6] .
Cables are inevitably affected by mechanical stress during manufacturing, transportation, installation, and operation. Such stress may cause the insulation materials of cables having elongation [7, 8] . However, current research does not consider the elongation of insulation materials. Consequently, additional research on the electrical properties of polymer insulation during elongation should be conducted. With regard to insulation materials with an accumulation of space charge, there will be electrical trees by applying mechanical stress without electrical stress [9] . Research indicates that water tree in polymer insulation becomes serious when the cables' elongation is 6% under dynamic tensile stress at different frequencies [10] . The mechanical stress caused by the electric field is considered the reason for breakdown in polymer insulation [11] . Studies have confirmed that electrical and mechanical properties of polyethylene can be improved effectively by adding nanosilica. Similarly, the conclusion that the electrical properties of insulation may be affected by mechanical stress has been confirmed. However, research on the electrical properties of nanomodified materials during elongation is lacking. As such, more research on this area should be conducted.
In this study, polyethylene/silica nanocomposites with particle sizes of 15 and 50 nm and concentrations of 3 wt% and 5 wt% were prepared. Pulsed electroacoustic (PEA) technique was utilized to determine the characteristics of space charge in samples whose elongation is 3% and 6%. The experiment results were explained by applying interface characteristics, dipole model, and induced dipole model. 
Test Method

Test Samples.
Low density polyethylene (LDPE) materials produced by Lanzhou Petrochemical Company were selected and utilized. The model number of LDPE is 2426 H, the density is 0.910-0.925 mg/cm 3 , melt flow index is 2.1-2.2 g/10 min, and the melting point is 112 ∘ C. Nanometer material was produced by Shanghai Jingchun Scientific Co., Ltd. Mechanical blending method [12, 13] was applied to prepare the samples. The blending temperature is 120 ∘ C, and the blending time is 30 min. The sizes of nanoparticles are 15 and 50 nm, and the concentrations are 3 wt% and 5 wt%. The nanoparticles were dried in a vacuum dry oven for 24 h at 100 ∘ C and constant pressure. After blending, the materials were pressed into sheets in a flat vulcanizing machine at a temperature of 120 ∘ C, time of 15 min, and pressure of 12 MPa. The films, which were almost 0.19 m, were cut into a dumbbell by using dumbbell tools and stressed in a tensile machine for 30 min. The samples were degassed in a vacuum dry oven for 24 h at 80 ∘ C to eliminate residual stress.
PEA Technique.
The space charge characteristics of polyethylene/silica nanocomposites were investigated with PEA technique. The PEA device is shown Figure 1 . In the PEA device, the output of the high-voltage direct current source ranges from 0 to 20 kV. The output of the pulse source ranges from 0 to 0.2 kV, the pulse width is 5 ns, the frequency is 500 Hz, and the thickness of the piezoelectric sensor is 25 m. The upper electrode is a copper electrode, and the lower electrode is an aluminum one. The PEA device can communicate with computers by using a LeCory7200 digital oscilloscope to collect the measuring signals. The resolution of PEA device is about 1.2 × 10 −3 C/m 3 .
Experimental Design.
The samples were stressed by a negative DC voltage for 60 min (electric field of 30 kV/mm). The space charge distribution was recorded at applied voltage times of 1, 10, 20, and 60 min. A short-circuit dissipation test was then applied, and the distribution of space charge at 1, 5, 10, and 20 min was recorded.
Results
Accumulative Characteristics of Space Charge.
The space charge accumulation in an electric field of 30 kV/mm for polyethylene/silica nanocomposites with different elongations is shown in Figure 2 . There are heterocharges near positive and negative electrodes in the LDPE, as shown in Figure 2(a) . By adding silica nanoparticles with a particle size of 15 nm and concentration of 3 wt%, the heterocharges near the positive and negative electrodes almost disappeared, shown in Figure 2 (e). This result proves that polyethylene/silica nanocomposites can suppress the accumulation of space charge. Obvious homocharge accumulation near positive and negative electrodes was observed in the insulation material when the silica nanoparticles' size was 15 nm and the concentration was 5 wt%, shown in Figure 2 (k). This result indicates that the addition of silica nanoparticles resulted in homocharge accumulation near positive and negative polarities. Compared with the polyethylene/silica nanocomposites whose particle size is 50 nm, homocharge accumulation occurred when the concentration was only 3 wt%, shown in Figure 2 (i). Homocharge accumulation was more obvious in the polyethylene/silica nanocomposites when the concentration was 5 wt%. We conclude that homocharge accumulation occurs near positive and negative polarities in a DC electric field when silica nanoparticles are added; an increase in particle size enhances this homocharge accumulation. Therefore, appropriate silica nanoparticles whose particle size is not extremely large should be selected in the production of polyethylene/silica nanocomposites.
According to Figure 2 , there are more space charges near positive and negative electrodes for the nanocomposites whose elongation is 3% and 6% compared with the nanocomposites without elongation. As shown in Figures 2(b) and 2(c), the homocharge accumulation near positive and negative electrodes is the highest in the LDPE and the larger the elongation is, the more obvious the space charge accumulation is. For the polyethylene/silica nanocomposites whose particle size is 50 nm, a packet-like space charge was observed in the nanocomposites when the elongation is 6%.
To investigate the packet-like space charge in the nanocomposites, we prepared LDPE, polyethylene/silica nanocomposites with a particle size of 15 nm and concentration of 5 wt%, and polyethylene/silica nanocomposites with a particle size of 50 nm and concentration of 5 wt% at an elongation of 10%. The space charge characteristics are shown in Figure 3 .
Comparison of the three images in Figure 3 shows that homocharge accumulation is more obvious and more space charges exist in the nanocomposites when the elongation is 10%. However, no packet-like space charge was observed in the LDPE. When the particle size of the silica nanoparticles is 15 nm and the concentration is 5 wt%, a packet-like space charge is created in the polyethylene/silica nanocomposites at an elongation of 10%. For the polyethylene/silica nanocomposites whose particle size is 50 nm and concentration is 5 wt%, a packet-like space charge was also created; Journal of Nanomaterials the amount of space charge is more than that in the nanocomposites whose particle size is 15 nm. In the nanocomposites with a packet-like space charge, less space charge between the packet-like space charge and electrodes was observed, which may be due to the mutual exclusion of homocharge.
Analyzing Figure 3 (c), the packet-like space charges may fit Gaussian distributions. Calculating results shows that the packet-like space charge fits Gaussian distribution well when the time is 60 min, as shown in Figure 4 
where is position of space charge and is charge density. According to the expressions, the widths of Gaussian distributions are almost equal, which represent the widths of packet-like space charge being very similar when time is 60 min.
Detrapping Characteristics of Space
Charge. The dissipation characteristics of space charge are shown in Figure 4 .
Studies have shown that the addition of silica nanoparticles can effectively suppress the space charge in nanocomposites and change some of the deep traps into shallow traps. Analysis of Figures 5(a) , 5(d), and 5(j) shows that less space charge exists in the nanocomposites whose particle size is 15 nm than in the LDPE when the charge detrapping time is 1 min. Moreover, its charge detrapping rate is higher than LDPE, and the remaining space charge is less. When the charge detrapping time is 1 min, the amount of space charge in the nanocomposites whose particle size is 15 nm is less than the particle size of the silica nanoparticles which is 50 nm, as shown in Figures 5(d) , 5(g), 5(j), and 5(m).
Comparison of the three insulation materials with different elongations shows that the charge detrapping rate is higher in the nanocomposites whose particle size is 15 nm than in the LDPE; the detrapping of space charge achieved stability within a short period of time. However, the charge detrapping time is longer in the nanocomposites whose particle size is 15 nm than others; these materials also required more time to reach stability. For the three materials, the amount of space charge is larger in the nanocomposites that are in elongation when the charge detrapping time is 1 min.
With the increase in elongation, more space charges exist in the nanocomposites. Analysis of the curve whose charge detrapping time is 60 min shows that more deep traps are generated with the increase in elongation. Packet-like space charges are created in the polyethylene/silica nanocomposites whose particle size is 50 nm with elongation of 6%. Moreover, packet-like space charges exist in the polyethylene/silica nanocomposites when the charge detrapping time is 60 min. This result means that space charge accumulation is caused by deep traps in this section.
Comparison of the space charge characterisitcs of the three insulation materials in Figures 6 shows that the amount of space charge and deep traps is larger in the nanocomposites. Packet-like space charges exist in the polyethylene/silica nanocomposites whose particle size is 15 nm as a result of deep traps. Packet-like space charges also exist in the polyethylene/silica nanocomposites whose particle size is Journal of Nanomaterials 50 nm, which is more obvious than that in the nanocomposites whose particle size is 15 nm; the dissipation rate is high in the packet-like space charges as a result of deep traps.
Discussion
Effect of Silica Nanoparticles on Space Charge in Polyethy-
lene/Silica Nanocomposites. Space charge in the nanocomposites is mainly caused by two factors: characteristics of materials and the additives. Given that polymer consists of amorphous and crystalline regions, the interface characteristic between the crystalline and amorphous regions causes a large amount of traps, which may cause the accumulation of electrons and holes. The accumulation of space charge in the LDPE is mainly caused by the crystalline interface and internal defects of materials [14] . As inorganic nanoparticles are added to polymer, nanoparticles occupy the free volume in the material or defect and consequently reduce the amount of free volume and transform the deep traps into shallow traps. The addition of nanoparticles also creates a new interfacial layer between nanoparticles and polymer matrix, which has a significant effect on the electrical properties of nanocomposites. Several researchers believe that the characteristics of this interface can explain the change of properties of materials [15] . Therefore, more research on the interface characteristics of nanocomposites should be conducted. An assumption is that nanoparticles are spherical and arranged in a simple cubic lattice. Calculation based on weight percent leads to the following expression [16] :
where and are the specific gravity for the nanofiller and polymer matrix, respectively. is the weight fraction of nanofiller. is interfiller distance and is filler diameter.
The calculation expression of the surface area per unit volume is
where is total surface area in unit volume. According to (1) and (2), the distance between two nanoparticles is 158 nm, and the total surface area in unit volume is 0.872 km 2 /m 3 when the nanoparticles' size is 50 nm and the concentration is 5 wt%. Similarly, the distance between two nanoparticles is 48 nm and total surface area in unit volume is 2.8 km 2 /m 3 when the particle size is 15 nm and the concentration is 5 wt%. We can see that the total surface area in unit volume is very large for the nanocomposites. The larger the particle size is, the larger the distance between particles is and the larger the total surface area in unit volume is.
Comparison of the space charge characteristics of LDPE and nanocomposites shows that the nanocomposites whose particle size is 15 nm and concentration is 3 wt% exhibit a significant suppression of space charge accumulation in the polyethylene/silica nanocomposites. This finding means the amount of traps caused by interface layer between silica nanoparticles and polymer matrix is smaller than the traps reduced by silica nanoparticles. Homocharge accumulations near positive and negative electrodes were observed in the polyethylene/silica nanocomposites when the sizes of the nanoparticles increase. More homocharges exist in the nanocomposites whose particle size is 50 nm than in the nanocomposites whose particle size is 15 nm. These phenomena can be explained by interface layer characteristics. When the particle size or concentration of nanoparticles is large, the total surface area in unit volume and the interface layer between nanoparticles and polymer matrix are also large. Therefore, the amount of space charge traps caused by the interface layer is also large, which makes the amount of space charge in the nanocomposites whose particle size is 50 nm become larger than that in the nanocomposites whose particle size is 15 nm.
A slightly obvious phenomenon was observed by analyzing the space charge characteristics of all nanocomposites, as shown in Figures 2(d) , 2(g), and 2(j). The total amount of space charge accumulated near positive electrodes is larger than the space charge accumulated near negative electrodes in the nanocomposites. Triboelectricity can explain this phenomenon. According to the research of Tanaka et al. [16] , triboelectricity exists in nanocomposites during the preparation process. Nanocomposites are negatively charged, which may repel electrons. Of course, the effect of triboelectricity on the mobility of space charge is small and insignificant.
Effect of Elongation on Space Charge in Polyethylene/Silica
Nanocomposites. No definite conclusions have been established regarding the status of nanoparticles in nanocomposites. The mode of action between nanoparticles and polymer matrix, the status of space charge traps in nanocomposites, and the inhibiting effect of nanoparticles on space charge remain unclear. According to the research of Takada et al. [17] , many carbonyl (C=O) and hydroxyl (OH) defects exist in polymer; this existence may generate dipoles in a DC electric field which may cause dipole moments and electrical potential distribution. Electrical potential distribution can be regarded as space charge traps, and the value of the electric potential can be viewed as the depth of space charge traps, to a certain extent. Takada et al. calculated the electrical potential distribution caused by dipoles. Their assumption was that the charge of carbonyl (C=O) and hydroxyl (OH) defects is in polymer, and the distance between two dipoles is . The diploe moments can be calculated by = * . The electrical potential distribution, ( , , ), is provided by (3) in spherical coordinates. Consider ( , , ) = cos
where is dipole moment, 0 is absolute dielectric constant, is relative dielectric of polymer, and and represent spherical coordinates.
According to the test results of this study, as shown in Figure 2 , the amount of space charge increases with the increase in elongation in the LDPE and nanocomposites. When the nanocomposites are in elongation, the distance between carbonyl (C=O) and hydroxyl (OH) defects is large. According to (3), the electrical potential distribution increases with the increase in distance . This result indicates that the depth of space charge increases in nanocomposites. Therefore, the amount of space charge and deep traps increases.
According to the space charge characteristics of LDPE, as shown in Figure 3(a) , the amount of space charge is larger near the electrodes than in the interior, which is roughly a trapezoidal decline. This result means that the surface of the LDPE may be vulnerable to elongation and carbonyl (C=O) and hydroxyl (OH) defects; the surface may has a larger elongation than the interior.
Packet-Like Space
Charge. Small packet-like space charges were observed near positive and negative polarities in the polyethylene/silica nanocomposites whose particle size is 15 nm and concentration is 5 wt% when elongation is 10%. More obvious packet-like space charges were observed near positive and negative polarities in the polyethylene/ silica nanocomposites whose particle size is 50 nm. The packet-like space charges are caused by deep traps in the polyethylene/silica nanocomposites, as revealed by the analysis of the dissipation characteristics. These phenomena can be explained from two aspects.
For polyethylene/silica nanocomposites, the assumption is that nanoparticles are spherical and the electric field is uniform. Hence, a certain amount of induction charges, which can be induced dipoles, exists at the surface of nanoparticles. Similarly, induced dipole moments and induction electromotive force exist. The surface charge density of dipole is [17] 
where 0 is absolute dielectric constant, 1 is dielectric constant of polymer, and 2 is dielectric constant of filler; represent spherical coordinates.
The electrical potential distribution, ( , , ), is provided by (4) in spherical coordinates [17] . Consider
where 0 is absolute dielectric constant, 1 is dielectric constant of polymer and 2 is dielectric constant of filler, is radius of particles, 0 is external field, and , , represent spherical coordinates and more details are shown in [17, Figure 6 ].
When an external field 0 is applied to the nanocomposites, we can assume that the surface charge induced by 0 is positive on silicon atom and it is negative on oxygen atom. At the same time, because of the bond strength between silicon atom and oxygen atom, as the nanocomposites with elongation, the bond length of silicon atom and oxygen atom changes slightly. Therefore, the nanoparticles in polymer stressed by tensile force can also be supposed to be spherical whose diameter is larger than nanoparticles in polymer without tensile force. So (4) and (5) can also be appropriate. According to (5) , relationships exist between electrical potential distribution and diameter of nanoparticles. This relationship means that when the diameter of nanoparticles is large, the electrical potential distribution and the depth of the space charge traps increase [17] . Therefore, stressed by tensile force, the space charge traps caused by electrical potential distribution change from shallow traps to deep traps. So it explains why there are more space charges in nanocomposites with elongations, which may induce packet-like space charge, as shown in Figures 3(b) and 3(c) .
For the nanocomposites whose particle size is 15 and 50 nm, the diameter of nanoparticles increases with the increase in particle size. Therefore, according to (5) , the electrical potential distribution of nanocomposites whose particle size is 50 nm is larger than nanocomposites whose particle size is 15 nm, which indicates that very obvious packetlike space charges exist in polyethylene/silica nanocomposites comparing with the polyethylene/silica nanocomposites whose particle size is 15 nm with small packet-like space charges, as shown in Figures 3(b) and 3(c) .
However, the induced dipole model cannot completely explain the packet-like space charges. For the nanocomposites, no definite conclusion exists with regard to the types of force between nanoparticles and polymer matrix, which may be Van Edward force, covalent bond, molecular bond, or others. Several researchers believe that the type of force is a hydrogen bond in nanocomposites, which are prepared by mechanical blending [16] . Other researchers believe that the type of force is a covalent bond when vinylsilane is utilized to modify the interface of silica nanoparticles [18] . Considering the interface layer between nanoparticles and polymer matrix, the force between polymer molecules can be regarded to be larger than the force between polymer matrix and nanoparticles. Therefore, the elongation between polymer matrix and nanoparticles is larger than the elongation between polymer molecules.
Owing to the interface layer characteristics, many shallow traps exist in the polyethylene/silica nanocomposites, which are distributed in the interface layer. There is a large increase in the interface layer when the nanocomposites are in elongation because of the small force between nanoparticles and polymer. Therefore, the area of the interface layer between nanoparticles and polymer matrix exhibits an obvious increase, which may change the shallow traps into deep traps and generate packet-like space charges.
According to the induced dipole model and interface layer characteristics, space charge accumulation should exist in all nanocomposites theoretically because the nanoparticles are distributed in all nanocomposites. However, the test results in this study show that packet-like space charges exist in the interior of polyethylene/silica nanocomposites. This phenomenon can be explained by the repulsion of similar charges. The space charge near electrodes is forced to move to the interior of polyethylene/silica nanocomposites, which causes packet-like space charges.
Conclusions
This study investigated the space charge characteristics of polyethylene/silica nanocomposites whose elongation is 3% and 6%. The packet-like space charges in polyethylene/silica nanocomposites whose elongation is 10% were also examined. The main conclusions are as follows.
Suppressing the space charge in polyethylene/silica nanocomposites whose particle size is 15 nm and concentration is 3 wt% is effective. Homocharges near positive and negative electrodes are generated with the increase of particle size and concentration in the polyethylene/silica nanocomposites. The interface layer characteristics between nanoparticles and polymer matrix were used to explain these phenomena. The effect of nanoparticles on space charge in polyethylene/silica nanocomposites is mainly caused by interface layer characteristics between nanoparticles and polymer matrix. By using (2), the total surface area in unit volume is 0.872 km 2 /m 3 in polyethylene/silica nanocomposites whose particle size is 50 nm; the total surface area in unit volume is 2.8 km 2 /m 3 in polyethylene/silica nanocomposites whose particle size is 15 nm. The difference is large. Therefore, the interface layer characteristics are the main reason for the effect of space charge characteristics in nanocomposites. The total surface area in unit volume increases with the increase in particle size and concentration.
With the increase in elongation, an obvious increase in space charge accumulation occurred in the three nanocomposites. The homocharges accumulated near electrodes in the LDPE and were reduced with the increase in depth of samples. A dipole model was used to explain this phenomenon. The electrical potential distribution caused by the dipole model, which consisted of carbonyl (C=O) and hydroxyl (OH) defects, can be regarded as the space charge traps in nanocomposites, to a certain extent. The bond length of the carbonyl (C=O) and hydroxyl (OH) defects may be larger when polyethylene/silica nanocomposites were in elongation. According to (3), the elongation of carbonyl (C=O) and hydroxyl (OH) defects caused the increase in electrical potential distribution, which in turn increased the amount of deep traps in polyethylene/silica nanocomposites and the amount of space charge.
Packet-like space charges were observed in polyethylene/silica nanocomposites whose particle size is 15 and 50 nm when elongation is 10%. The packet-like space charges are more obvious in the nanocomposites whose particle size is 50 nm. These phenomena can be explained from two aspects. First, induction charge exists on the surface of nanoparticles in the DC electric field; induced dipole and induction electromotive force are thus formed. The diameter of nanoparticles increases when nanocomposites are in elongation. According to (5) , the amount of space charge and depth of charge traps increase with the increase in diameter of nanoparticles; this theory also explains why the amount of space charge increases with the increase in particle size. Second, the tensile force between nanoparticles and polymer matrix is weaker than that between polymer molecules because of the interface layer characteristics. Therefore, larger elongation exists between nanoparticles and polymer matrix, which may make the interface layer characteristics more obvious and could result in the generation of more charge traps. According to these theories, space charge is distributed in all nanocomposites. Packet-like space charges are created in polyethylene/silica nanocomposites because of the rejection of homocharges.
